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MULTI-STREAM SOFT DEMODULATION
USING HARD-DECISION SCHEMES

CROSS REFERENCE TO RELATED
APPLICATION

The present disclosure is a continuation of U.S. application
Ser. No. 12/469,382, now U.S. Pat. No. 8,401,127, filed May
20, 2009, entitled “Multi-Stream Soft Demodulation Using
Hard-Decision Schemes,” which claims the benefit of U.S.
Provisional Patent App. No. 61/061,799, entitled “Dimension
Reduction for MIMO Soft ML, Demodulation Based on Hard-
Decision Methods,” filed on Jun. 16, 2008. The entire disclo-
sures of both of the applications referenced above are hereby
expressly incorporated herein by reference.

FIELD OF TECHNOLOGY

The present disclosure relates generally to multi-antenna
wireless systems and, more particularly, to multi-stream soft
demodulation using hard decisions.

BACKGROUND

An ever-increasing number of relatively inexpensive, low
power wireless data communication services, networks and
devices have been made available over the past number of
years, promising near wire speed transmission and reliability.
Various wireless technology is described in detail in the 802
IEEE Standards, including for example, the IEEE Standard
802.11a (1999) and its updates and amendments, the IEEE
Standard 802.11g (2003), and the IEEE Standard 802.11n
now in the process of being adopted, all of which are collec-
tively incorporated herein fully by reference. These standards
have been or are in the process of being commercialized with
the promise of 54 Mbps or higher data rate, making them a
strong competitor to traditional wired Ethernet and the more
common “802.11b” or “WiFi” 11 Mbps mobile wireless
transmission standard.

Generally speaking, transmission systems compliant with
the IEEE 802.11a and 802.11g or “802.11a/g” standards as
well as the IEEE 802.11n standard achieve their high data
transmission rates using Orthogonal Frequency Division
Multiplexing (OFDM) encoded symbols. Generally speak-
ing, the use of OFDM divides the overall system bandwidth
into a number of frequency sub-bands or channels, with each
frequency sub-band being associated with a respective sub-
carrier. Data upon each sub-carrier may be modulated with a
modulation scheme such as QAM, phase shift keying, etc.
Thus, each frequency sub-band of the OFDM system may be
viewed as an independent transmission channel within which
to send data, thereby increasing the overall throughput or
transmission rate of the communication system.

Generally, transmitters used in the wireless communica-
tion systems that are compliant with the aforementioned
802.11a/802.11g/802.11n standards as well as other stan-
dards such as the 802.16 IEEE Standard, perform multi-
carrier OFDM symbol encoding (which may include error
correction encoding and interleaving), convert the encoded
symbols into the time domain using Inverse Fast Fourier
Transform (IFFT) techniques, and perform digital to analog
conversion and conventional radio frequency (RF) upconver-
sion on the signals. These transmitters then transmit the
modulated and upconverted signals after appropriate power
amplification to one or more receivers, resulting in a rela-
tively high-speed time domain signal with a large peak-to-
average ratio (PAR).
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Likewise, the receivers used in the wireless communica-
tion systems that are compliant with the aforementioned
802.11a/802.11g/802.11n and 802.16 IEEE standards gener-
ally include an RF receiving unit that performs RF downcon-
version and filtering of the received signals (which may be
performed in one or more stages), and a baseband processor
unit that processes the OFDM encoded symbols bearing the
data of interest. Generally, the digital form of each OFDM
symbol presented in the frequency domain is recovered after
baseband downconversion, conventional analog to digital
conversion and Fast Fourier Transformation of the received
time domain analog signal. Thereafter, the baseband proces-
sor performs frequency domain equalization (FEQ) and
demodulation to recover the transmitted symbols. The recov-
ered and recognized stream of symbols is then decoded,
which may include deinterleaving and error correction using
any of a number of known error correction techniques, to
produce a set of recovered signals corresponding to the origi-
nal signals transmitted by the transmitter.

For ease of explanation, in the examples presented herein,
streams and symbols have a one-to-one correspondence. That
is, a single stream is associated with a single symbol and vice
versa. Accordingly, the words “streams” and “symbols” may
be used interchangeably. However, it should be understood
that a given stream, for example, may have a number of
associated symbols and vice versa.

In wireless communication systems, the RF modulated
signals generated by the transmitter may reach a particular
receiver via a number of different propagation paths, the
characteristics of which typically change over time due to the
phenomena of multi-path and fading. Moreover, the charac-
teristics of a propagation channel differ or vary based on the
frequency of propagation. To compensate for the time vary-
ing, frequency selective nature of the propagation effects, and
generally to enhance effective encoding and modulation in a
wireless communication system, each receiver of the wireless
communication system may periodically develop or collect
channel state information (CSI) for each of the frequency
channels, such as the channels associated with each of the
OFDM sub-bands discussed above. Generally speaking, CSI
is information defining or describing one or more character-
istics about each of the OFDM channels (for example, the
gain, the phase and the SNR of each channel). Upon deter-
mining the CSI for one or more channels, the receiver may
send this CSI back to the transmitter, which may use the CSI
for each channel to precondition the signals transmitted using
that channel so as to compensate for the varying propagation
effects of each of the channels.

To further increase the number of signals which may be
propagated in the communication system and/or to compen-
sate for deleterious effects associated with the various propa-
gation paths, and to thereby improve transmission perfor-
mance, it is known to use multiple transmit and receive
antennas within a wireless transmission system. Such a sys-
tem is commonly referred to as a multiple-input, multiple-
output (MIMO) wireless transmission system and is specifi-
cally provided for within the 802.11n IEEE Standard now
being adopted. Various other standards and projects, such as
the 802.16 standard, or WiMAX, and the Long Term Evolu-
tion (LTE) project, support MIMO techniques. Generally
speaking, the use of MIMO technology produces significant
increases in spectral efficiency and link reliability of IEEE
802.11, IEEE 802.16, and other systems, and these benefits
generally increase as the number of transmit and receive
antennas within the MIMO system increases.

In addition to the frequency sub-channels created by the
use of OFDM, a MIMO channel formed by the various trans-
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mit and receive antennas between a particular transmitter and
a particular receiver may include a number of independent
spatial channels. As is known, a wireless MIMO communi-
cation system can provide improved performance (e.g.,
increased transmission capacity) by utilizing the additional
dimensionalities created by these spatial channels for the
transmission of additional data. Of course, the spatial chan-
nels of a wideband MIMO system may experience different
channel conditions (e.g., different fading and multi-path
effects) across the overall system bandwidth and may there-
fore achieve different SNRs at different frequencies (i.e., at
the different OFDM frequency sub-bands) of the overall sys-
tem bandwidth. Consequently, the number of information bits
per modulation symbol (i.e., the data rate) that may be trans-
mitted using the different frequency sub-bands of each spatial
channel for a particular level of performance may differ from
frequency sub-band to frequency sub-band.

The transmitters and receivers in the wireless communica-
tion system may each be capable of using a variety of modu-
lation schemes. For example, some modulations schemes
may provide a higher bit rate than other schemes (e.g.,
64-QAM vs. 16-QAM). Typically, modulation schemes that
provide a higher bit rate may be more sensitive to channel
impairments as compared to modulation schemes with a
lower bit rate.

Different modulation/demodulation schemes have various
degrees of complexity, and complexity of a given demodula-
tion technique may affect the complexity of areceiver. Higher
complexity of a demodulation technique generally requires
more complexity on the receiver, e.g., more, larger, and/or
more expensive processing modules and/or components.
Higher complexity of a demodulation technique may also
lead to an increase in processing time and an increase in
power consumption.

SUMMARY

The present disclosure provides methods and apparatus for
estimating and compensating for soft demodulation using
hard-decision schemes.

In one embodiment, a method of decoding a signal trans-
mitted via a multiple input multiple output (MIMO) commu-
nication channel includes receiving a data symbol vector
having a plurality of data symbols received via a plurality of
spatial streams, the received data symbol vector correspond-
ing to a transmitted data symbol vector having a plurality of
transmitted data symbols corresponding to the plurality of
data symbols. The method also includes estimating, using a
hard-decision technique, one or more respective values for
one or more first transmitted data symbols in a first set of one
or more spatial streams of a plurality of spatial streams. The
method additionally includes calculating, using a soft-deci-
sion technique and based on the estimated one or more
respective values for the one or more first transmitted data
symbols, likelihood values for bits corresponding to one or
more second transmitted data symbols in a second set of one
or more spatial streams of the plurality of spatial streams.

In another embodiment, a device for decoding a signal
transmitted via a multiple input multiple output (MIMO)
communication channel comprises a multi-stream demodu-
lator configured to receive a data symbol vector having a
plurality of data symbols received via a plurality of spatial
streams, the received data symbol vector corresponding to a
transmitted data symbol vector having a plurality of transmit-
ted data symbols corresponding to the plurality of data sym-
bols. The multi-stream demodulator is also configured to
estimate, using a hard-decision technique, one or more
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4

respective values for one or more first transmitted data sym-
bols in a first set of one or more spatial streams of the plurality
of spatial streams. The multi-stream demodulator is further
configured to calculate, using a soft decision technique and
based on the estimated one or more respective values for the
one or more first transmitted data symbols, likelihood values
for bits corresponding to one or more second transmitted data
symbols in a second set of one or more spatial streams of the
plurality of spatial streams. The device additionally includes
a decoder configured to decode at least some of the data
symbols in the received data symbol vector based at least in
part on the calculated likelihood values.

In yet another embodiment, a device for decoding a signal
transmitted via a multiple input multiple output (MIMO)
communication channel compromises a multi-stream
demodulator configured to receive a data symbol vector com-
prising a plurality of data symbols that are received via dif-
ferent spatial streams, wherein the received data symbol vec-
tor corresponds to a transmitted data symbol vector
comprising a plurality of transmitted data symbols corre-
sponding to the plurality of data symbols. The multi-stream
demodulator is also configured to estimate one or more
respective values for transmitted data symbols in a first group
of one or more transmitted data symbols using a hard-deci-
sion technique, wherein the first group of one or more trans-
mitted data symbols is of the plurality of transmitted data
symbols. The multi-stream demodulator is further configured
to calculate, using a soft decision technique, likelihood values
for bits in a second group of one or more transmitted data
symbols based on the estimated one or more respective values
of'the one or more transmitted data symbols in the first group
of'one or more transmitted data symbols, wherein the second
group of one or more transmitted data symbols is of the
plurality of transmitted data symbols, and wherein the first
group of one or more transmitted data symbols and the second
group of one or more transmitted data symbols do not include
common transmitted data symbols. The device additionally
includes a decoder configured to decode at least some of the
data symbols in the received data symbol vector based at least
in part on the calculated likelihood values.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an example wireless commu-
nication system;

FIG. 2A is a block diagram of an example transmitting
device;

FIG. 2B is a block diagram of another example transmit-
ting device;

FIG. 3A is an example constellation set for a 4-QAM
scheme;

FIG. 3B is an example constellation set for a 16-QAM
scheme;

FIG. 4 is a block diagram of an example receiving device
having a multi-stream demodulator;

FIG. 5 is a flow diagram of an example multi-stream soft
demodulation method using a hard-decision scheme;

FIG. 6 is a flow diagram of another example multi-stream
soft demodulation method using a hard-decision scheme; and

FIG. 7 is a flow diagram of yet another example multi-
stream soft demodulation method using a hard-decision
scheme.

Like reference numbers and designations in the various
drawings indicate like elements. Furthermore, when indi-
vidual elements are designated by references numbers in the
form Nn, these elements may be referred to in the collective
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by N. For example, FIGS. 2A and 2B illustrate transmitting
devices 200q and 2005 that may be referred to collectively as
transmitting device(s) 200.

DETAILED DESCRIPTION

FIG. 1 is a block diagram of an example wireless commu-
nication system 100 in which multiple devices, e.g., a trans-
mitting device 102 and a receiving device 106 may commu-
nicate with each other via a shared wireless communication
channel 104. Each of the devices 102 and 106 may be, for
example, a stationary device, such as a base station or a
mobile station equipped with a set of antennas 110-114 and
120-124, respectively. Although the wireless communication
system 100 illustrated in FIG. 1 includes two devices, the
wireless communication system 100 may, of course, include
any number of devices, each equipped with the same or a
different number of antennas (e.g., 1, 2, 3, 4 antennas and so
on).

Furthermore, although the wireless communication system
100 illustrated in FIG. 1 includes a transmitting device 102
and a receiving device 106, devices in the wireless commu-
nication system 100 may generally operate in multiple modes
(e.g., a transmit mode and a receive mode). For example, if a
given device is a mobile station in a WiMAX communication
network or a lap top computer having an IEEE Standard
802.11n compliant wireless transceiver, the device may oper-
ate in both a transmit mode and a receive mode. Accordingly,
in some embodiments, antennas 110-114 and 120-124 may
support both transmission and reception. Alternatively, or
additionally, a given device may include separate transmit
antennas and separate receive antennas.

Different numbers of spatial streams 130 may be transmit-
ted between the antennas 110-114 and 120-124 in various
embodiments and/or configurations of the transmitting
device 102 and/or the receiving device 106. Typically, the
number S of spatial streams 130 associated with a shared
communication channel 106 is less than or equal to minimum
of the number N, of transmit antennas 110-114 and the num-
ber N of receive antennas 120-124 (i.e., S=smin(NNy)). The
streams 130 may be defined in a variety of ways, e.g., accord-
ing to various multiple-input and multiple-output (MIMO)
modes or schemes, including those known in the art. For
example, the transmitting device 102 may use the antennas
110-114 to improve channel diversity by transmitting mul-
tiple copies of the same symbol via several streams. Alterna-
tively, the transmitting device 102 may transmit different
symbols via each of the antennas 110-114 to increase
throughput. As yet another alternative, the transmitting
device 102 may operate in a mixed MIMO mode to improve
both channel diversity and throughput.

The transmitting device 102 and the receiving device 106
may communicate using a single frequency or multiple fre-
quencies. When the transmitting device 102 and the receiving
device 106 communicate using a multiple frequencies, the
communication channel 104 may include multiple carriers or
subcarriers, each associated with a particular frequency at
which the devices 102 and 106 may communicate. In some
embodiments, the wireless communication system 100 may
use an OFDM technique, and the subcarriers may be selected
to be mutually orthogonal (i.e., to minimize cross-talk
between each pair of subcarriers). However, the wireless
communication system 100 could also use any other fre-
quency division multiplexing technique.

The receiving device 106 may be configured to perform a
multi-stream demodulation technique to be described in more
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detail below. Before describing the multi-stream demodula-
tion techniques in detail, it is helpful to briefly explain how
signals may be modulated.

FIGS. 2A-2B are block diagrams of example transmitting
devices 200. The transmitting devices 200 may be utilized in
the wireless communication system 100 as the transmitting
device 102, for example. It will be understood, however, that
the wireless communication system 100 may alternatively
use another transmitting device 102.

Referring to FIG. 2A, the transmitting device 200a may
generally convert a sequence of information bits into signals
appropriate for transmission through a wireless channel (e.g.,
channel 104). More specifically, the transmitting device 200a
may include an encoder 220a (e.g., a convolution encoder)
that encodes information bits, and a modulator 230a that
modulates the encoded bits into bit sequences referred to as
“data symbols,” which are mapped and converted to signals
appropriate for transmission via transmit antennas 210a-
218a. The transmitting device 200a may include various
additional modules that, for ease of explanation, are not
shown in FIG. 2A. For example, the transmitting device 200a
may include an interleaver that interleaves the encoded bits to
mitigate burst errors. The transmitting device 200a may fur-
ther include an analog radio frequency (RF) front end for
performing frequency upconversion, various filters, power
amplifiers, and so on.

The modulator 230a may include a bit-to-symbol mapper
232a that maps encoded bits into multiple data symbols, and
a symbol-to-stream mapper 234a that maps the multiple data
symbols into multiple parallel data streams. For example, the
modulator 230a may generate S parallel data streams that
may be represented by a data symbol vector x=[x,, X5, . . .,
X], and each individual symbol x, in the data symbol vector
x may be a symbol representative of W bits (b, ;, b, 5, . . .,
b, ). Accordingly, a given bit b, , is the n-th bit in a data
symbol of the s-th stream.

For ease of explanation, in the examples presented herein,
streams and symbols have a one-to-one correspondence. That
is, a single stream is associated with a single symbol and vice
versa. Accordingly, the words “streams” and “symbols” may
be used interchangeably. However, it should be understood
that a given stream, for example, may have a number of
associated symbols and vice versa. It should be further under-
stood that, in some embodiments, the same symbol may be
transmitted on multiple streams.

In some embodiments, the modulator 230a may use QAM
to map bits to symbols in a QAM signal constellation set,
where the symbols are differentiated from one another by
phase and/or magnitude. For example, FIG. 3A illustrates a
4-QAM constellation set 300q in an in phase (I) and quadra-
ture phase (Q) plane. In this case, constellation points 302a-
302d are distinguishable only by phase. Each constellation
point 302 represents a different two-bit symbol: 302¢ may
represent “00,” 3025 may represent “01,” 302¢ may represent
“10,” and 3024 may represent “11.” However, other bit to
symbol mappings may be utilized.

Similarly, FIG. 3B illustrates a 16-QAM constellation set
3005, where four-bit sequences correspond to symbols. Here,
both the amplitude and the phase of constellation points 304
may vary. FIG. 3B illustrates a mapping, where each constel-
lation point 304 represents a different four-bit symbol: 304a
may represent “1101,” 3045 may represent “1100,” 304¢ may
represent “1110,” 304d may represent “1111,” and so on.
However, as discussed in reference to FIG. 3B, other map-
pings may be utilized.

In general, a W-bit symbol x, may be mapped according to
an M-QAM signal set, where M=2"" Thus, as illustrated in
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FIG. 3A, if the modulator 230« uses the 4-QAM modulation
scheme, or a quadrature phase-shift keying (QPSK) modula-
tion scheme, the modulator 230a will have a signal alphabet
size of M=22=4 (i.e., 4 constellation points), and will map
2-bit pairs into the 4 constellation points. If the modulator
230aq uses a 64-QAM scheme, the modulator 230a will have
an alphabet size of M=25=64 (i.e., 64 constellation points)
and will map 6-bit segments into the 64 constellation points.

It should be noted that although the transmitting device
200a described with reference to FIG. 2A includes a common
encoder chain (an encoder 220aq, an interleaver (not shown), a
modulator 230q, etc.), a transmitting device 200 may include
different encoder chains for different streams. For example,
as illustrated in FIG. 2B, each stream generated by the trans-
mitting device 2005 may correspond to a separate encoder
chain. Other transmitting devices, such as those supporting
the WiMAX standards, for example, may support both a
single-encoder option and a two-encoder option for a two-
transmit-antenna configuration. In general, the number of
encoders and/or encoder chains may be less than or equal to
the number of transmitted streams S.

FIG. 4 is a block diagram of an example receiving device
400 that demodulates and decodes signals from one or more
transmitting devices using a multi-stream demodulation
scheme. The receiving device 400 may be utilized in the
wireless communication system 100 as the receiving device
106, for example. It will be understood, however, that the
wireless communication system 100 may alternatively use
another receiving device 106. Similarly, the receiving device
400 may receive and demodulate multiple streams transmit-
ted by a device such as the transmitting device 200a of FIG.
2A or the transmitting device 2005 of FIG. 2B or some other
transmitting device.

Generally, the receiving device 400 may receive informa-
tion via multiple receive antennas 402-408 and demodulate
and decode the received information to estimate the informa-
tion that was sent by a transmitting device. The receiving
device 400 processes received information utilizing a model,
such as:

y=Hx+z, where

i hir o hp his X1 2

Y2 har hia s x2 2
y=| . [H=| . : F el P (Rl

YNg hvpt hnga o Bwgs Xs N

in which y represents, in vector form, a received signal, H
represents a MIMO communication channel, X represents, in
vector form, an estimated transmit signal, z represents a noise
vector, and N, is the number of receive antennas. More pre-
cisely, y, is a received signal at antenna r, and z, is noise at an
antenna r. Although Ny, is illustrated in FIG. 4 as being three,
any number of multiple antennas may, in general, be utilized.

The MIMO communication channel H includes channel
gain parameters h, . representing channel gain in a stream s at
areceive antenna r. In at least some of the embodiments, each
channel gain h, ; is a complex number that incorporates an
amplitude factor and a phase shift factor. In other words, each
h, ; parameter may represent an attenuation coefficient asso-
ciated with a certain propagation path as used in, for example,
a Rayleigh fading channel model. The receiving device 400
may estimate the parameters and parameters associated with
the noise z using any suitable technique, including known
techniques.
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With continued reference to FIG. 4, the receiving device
400 includes a multi-stream demodulator 442 that may cal-
culate, based on the received symbols y;, yo, . . ., Y
likelihood values L(b, ,), L(b, ,), L(b, ;) of the transmitted
bits b, ;, b, », b, 5~ The receiving device 400 also includes a
decoder 444 that may use the likelihood values L(b, ,),
L(b,,); - - -, L{b, y) calculated by the demodulator 442 to
estimate the transmitted information bits b_;, b, », . .., b, -
Because the demodulator 442 outputs likelihood values for
bits, and not the bits themselves, the demodulator 442 is
called a “soft” demodulator. By contrast, demodulators that
output bits are called “hard-decision demodulators,” or sim-
ply “hard demodulators.”

As illustrated in FIG. 4, the multi-stream demodulator 442
may include various modules and/or components. For
example, the multi-stream demodulator 442 may include a
likelihood value calculator 454 for calculating likelihood val-
ues L(b, ;), L(b,»), . . ., L(b,, 5»). The multi-stream demodu-
lator 442 may further include a symbol slicer 452 that per-
forms various symbol slicing operations (eg., QAM slicing),
including known symbols slicing operations. Still further, the
multi-stream demodulator 442 may include a channel estima-
tor 448 to estimate the MIMO communication channel H and
a noise estimator 446 for generating noise estimate informa-
tion, including, for example, the variance of the noise o,>.

The multi-stream demodulator 442, in some embodiments,
or in some modes of operation, may not include one or more
of'the modules 446-454 or, alternatively, may not use each of
the modules 446-454 in demodulating the received signals.
Further, it will be appreciated that some of the modules 446-
454 may be combined. Still further, the multi-stream
demodulator 442 and/or the receiving device 400 may include
additional components and/or modules that, for ease of expla-
nation, are not shown in FIG. 4. For example, the receiving
device 400 may include a linear equalizer, e.g., a Zero-forcing
equalizer, that may be used by the multi-stream demodulator
442 to estimate the transmitted data values, x, from the
received signal y, by assuming the noise vector z is zero.
Additionally the receiving device 400 may include a deinter-
leaver that rearranges scattered bits and restores the proper bit
sequence, an analog RF front end that performs frequency
downconversion, various filters, power amplifiers, and so on.

Different components and/or modules of the receiving
device 400 may be implemented as hardware, a processor
executing software instructions, a processor implementing
firmware instructions, or some combination thereof. For
example, some or all of the components may be custom
integrated circuits, application-specific integration circuits
(ASICs), etc., communicatively coupled by electrical busses.
In this case, the receiving device 400 optionally may include
bypass busses (not shown) to bypass some of the components
if the currently active MIMO mode does not require certain
operations, such as processing multiple presentations of a
symbol encoded according to a space-time encoding scheme.

In order to calculate the likelihood values L(b, ;), L(b, ,),
L(b, ;) for the received symbols, the multi-stream demodu-
lator 442 may calculate a log-likelihood ratio (LLR) for each
bitb,,, b, ., ..., b, 5, using various techniques, including
exhaustive maximum-likelihood (ML) techniques The LLR
of a given bit b, ,, may be an indication of whether the bitb,,
is more likely to be 1 or 0, and it may be calculated as follows:

Liby) = 1og(w] = log(Ply | by = 1))~ log(Ply | bop =0 )
' Py 1B = 1) ' -
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where P{ylb, ,=0} is the probability thatthe bitb_, is equal to
0and P{ylb, =1} is the probability that the bit b, , is equal to

1. If the calculated L(b,,)isa relatlvely large posmve num-
ber, the probability that the bit b, is equal to 1 may be much
greater than the probability that the bit b, ,, is equal to 0, and
the decoder 444 may therefore conclude that bit b, , is equal
to 1. Likewise, if the calculated L(b, ) is a large negative
number, the probability that the bit b_,, is equal to 0 may be
much greater than the probability that the bitb, ,, is equal to 1,
and the decoder 444 may therefore conclude that bit b, is
equal to 0. If the calculated L(b, ,) is neither a large positive
number nor a large negative number, the decoder 444 may
need to perform additional processing to estimate the value of
bit b, .. As explained above, the receiving device 400 may
receive more than one representation of bit b, e.g., via
different ones of the receive antennas 402-408. Accordingly,
the decoder 444 may use multiple LLRs corresponding to
multiple representations of the same bit b, to estimate the
value of bit b, ,

In order to estimate the probability that bitb_, is equal to 1
and the probability that bit b, is equal to 0, the multi-stream
demodulator 442 may use the following equations:

lly - Hxd? (&)
Plylbo, = 1) = e
xeXyn)
lly - Hxd? &)
PUylbo =0} = -2
z
xeXyiL)

where, as in equation (1), X is a vector of estimated transmit-
tedsymbols X, X,, .. ., X5, xeX, P is a set of all possible data
symbols x; with bit b . equal to 1, xeX, ,“ is a set of all
possible data symbols x with bit bs,n equal t0 0, y represents,
in vector form, received symbols y,, y,, .. ., Y, H represents
a MIMO communication channel, and o, represents variance
of noise.

Combining equations (1)-(3), the LLR of a given bitb_, in
a given stream s may be calculated as:

- H 2 —H 2 (4)
Liby,)=1lo § exp(—u] ko 2 ‘ exp(_lly i ]
U—Z U_Z
xeXyn) xeXQL)
and L(b, ) may be approximated as:
! 5
Llby) ~ — [ min lly = Xl = min lly - HxiP ©
U—Z XEX(O) XEX;ln)

Accordingly, the LLR of a given bit b, may be calculated
based on the distances ||y-Hx]|[*. More specifically, the LLR of
a given bit b, , may be calculated based on the difference
between the smallest distance |ly—Hx||* for a set of all possible
data symbols x, with b, ,, equal to O and the smallest distance
|ly-Hx][* for a set of all p0551b1e datasymbols x withb, , equal
to 1.

Calculating the LLR of a given bit L(b,,,) in accordance
with equation (5) requires a calculation of |ly-Hx|[* for every
constellation point in the constellation set in order to deter-
mine the smallest distance. Moreover, if there are multiple
streams, a calculation of |ly-Hx||* is required for every con-
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stellation point for every stream. Therefore, if a receiving
device receives S streams, for example, and each stream is
represented by W bits and modulated using an M-QAM
scheme (where M=2"), the receiving device will need to
perform M calculations of |ly-Hx|* to demodulate the
received S streams in accordance with equation (5).

In practice, it may be burdensome for a receiving device to
calculate |ly-Hx||* for every constellation point and for every
streams. As the number of streams S and/or the number of bits
Win a data symbol increases (i.e., as M increases), perform-
ing these calculations may require escalating complexity on
the receiving device (e.g., more, larger, and/or more expen-
sive processing modules and/or components). Performing
these calculations may also lead to an increase in processing
time. Accordingly, in order to reduce complexity, it is advan-
tageous to utilize a demodulation technique that performs
fewer than M® calculations of |ly-Hx|* when calculating
LLRs for received data corresponding to multiple streams.

A variety of techniques may be used to reduce the number
of |ly-Hx|[* calculations for the case of two streams X,, X,
(S=2), as described, for instance, in U.S. Ser. No. 12/406,587,
now U.S. Pat. No. 8,331,475, entitled “Low Complexity
Technique for Log-Likelihood Ratio Computation,” which
was filed on Mar. 18, 2009, and which is herein incorporated
by reference in its entirety. In particular, instead of calculating
the squared distance |ly—Hx||* for all combinations of x, and
X,, the squared distance |y-Hx|[* for a given x, may be cal-
culated only for the optimum value of x, that minimizes that
squared distance, and vice versa. Because determining the
optimum value of x, that minimizes |[y-Hx|[* may be reduced
to a one-dimensional problem, the optimum value of x; may
be determined using efficient one-dimensional techniques,
such as slicing, scaling, rounding, gray-coding, etc., and
without any additional calculations of |ly—Hx|.

More specifically, in the case of two streams, LL.Rs for the
second stream X, may be calculated using the following, or a
similar, equation:

1 6
Lb,) ~ — [ min (rmnlly Hx||? )— min (minlly - Hxllz) ©
ot P xefi) A
whereX, ” Yisasetofall possible data symbols of the second

stream X, with b, ,=0 and X, ¥ is a set of all possible data
symbols of the second stream X, with b, ,=1. Conceptually,
an optimum value of x;, may be found for a given X, (e.g.,
using slicing and/or scaling), and then the minimum squared
distance |ly-Hx|F* may be found using that optimum value of
X.

Likewise, LLRs for the first stream x; may be calculated
using the following, or a similar, equation:

min

0)

z xleXl

L(b, )NL (mmuy Hxllz]— min (min||y=Hx||2] @
T g2 M\ x

xleXl

where X, is a set of all possible data symbols of the first
stream X, Wlth b,,=0and X, ¥ is a set of all possible data
symbols ofthe ﬁrst stream X, Wlth b, ,,=1.Thatis, an optimum
value of x, may be found for a glven X,, (e.g., using slicing/
scaling), and then the minimum squared distance |ly—Hx|J*
may be found using that optimum value of x,,.

A number of techniques may be used to reduce the number
of |ly-Hx||* calculations when calculating LLRs for transmit-
ted symbols in the case of more than two streams x|, . . ., X.
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For instance, FIG. 5 is a flow diagram of an example multi-
stream demodulation method 500 for calculating LL.Rs in the
case of three streams X, X, X5 (S=3). For ease of explanation,
FIG. 5 will be described with reference to FIGS. 1, 2A, 2B
and 4. It will be understood, however, that the method 500 for
calculating LL.Rs may be utilized with systems and devices
other than those illustrated in FIGS. 1, 2A, 2B and 4.

Generally, the example low-complexity method 500 may
calculate LLRs for three symbols using, for example, the
following, or similar, equations:

(3)
Libyy)~ —| min (minlly - Hx||2] —  min (minlly - Hx||2]
i X EX g 2 xpeXy, a3 2
)
Lb2n)~ —| min (minlly - Hx||2] - min (minlly - Hx||2]
TL ey N 7L xeXy,x
(10)
Lbs,)~ —| min (minlly - Hx||2] - min (minlly - Hx||2]
a: o x (1 x
2 |x3eXs N x3eXy 0 N L

where )N(l,n(b) is a set of all possible data symbols of the first
stream x, with b, ,=b, 5(2,”(1’) is a set of all possible data
symbols of the second stream x, with b, ,=b, and 5(3,,4(1’) isa
set of all possible data symbols of the third stream x; with
b, ,=b, where b is equal to either 1 or 0. Accordingly, LLRs
for bits in the second and third streams x,, X5, for example,
may be calculated by calculating the minimum squared dis-
tance min|ly—Hx|* for every possible set (X, X;). That is, the
squared distance |y-Hx|* for a given set (X,, X;) may be
calculated only for the x, that minimizes the squared distance.

More specifically, referring to FIG. 5, when a receiving
device (such as the receiving device 400 illustrated in FIG. 4)
receives a data symbol vector y (block 510) including three
streams (where the streams may be received at a substantially
the same time, via multiple spatial streams, for example), the
receiving device may determine the optimum symbol X, (i.e.,
the optimum bit sequence for x,) that minimizes the squared
distance |ly-Hx|* (block 620) for a given combination of x,
and x;. The optimum symbol X, may be determined in a
number of ways. In one implementation, X, may be deter-
mined using the following, or a similar equation:

X = argmi.
1

= argmin||§ — hy x|

X1

o |P an

y—H| x

X3

- 2
m'y

= argmin —— —x;
x1 “‘”hl”z

where y=y-h,x,-h.x;.

After determining the optimum symbol X, that minimizes
the squared distance |ly-Hx||* for a given combination of x,
and x; (block 520), the receiving device may use the optimum
symbol X, to calculate the minimum squared distance

min[y — Hx* = |[§ ~ o |
1
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(block 530). The receiving device may then use the calculated
squared distance to calculate LLRs for the second and third
symbols X,, x5 (block 540), e.g., by plugging that distance
into equations (9) and (10), respectively.

The LLRs for the first symbol x; may be calculated in a
similar fashion. For example, the receiving device may deter-
mine the optimum symbol X, that minimizes the squared
distance |ly-Hx|, use the optimum symbol %, to calculate the
minimum squared distance

P > A 2
minlly - A =11y - haell,
2

where $§=y-h,x,-h;x;, and calculate the LLRs using that
distance (e.g., using equation 8). Alternatively, the receiving
device may determine the optimum symbol X, that minimizes
the squared distance |ly-Hx|]* use the optimum symbol %, to
calculate the minimum squared distance

P < a2
minlly - Al =11y - ha Il
3

where $§=y-h,x,-h,x,, and calculate the LLRs using that
distance. As a result, if symbols x,, X,, X; are encoded with
TV bits, and each symbol has M=2" possible sequences, the
method 500 for calculating LLRs for three streams described
above in reference to FIG. 5 yields 2M? calculations of
|ly—Hx]||*>, where M? calculations are required for two of the
equations (9)-(11) (e.g., equation (9) and equation (10)), and
M? calculations are required for the third equation, e.g., equa-
tion (11). The method 500 described above for calculating
LLRs is therefore of higher efficiency and lower complexity,
as compared to the conventional exhaustive maximum-like-
lihood techniques that may require M> calculations of
|lv—Hx|]* for three streams.

FIG. 6 is a flow diagram of another example multi-stream
demodulation method 600 for calculating [.LLRs for received
data. For ease of explanation, FIG. 6 will be described with
reference to FIGS. 1, 2A, 2B and 4. It will be understood,
however, that the method 600 for calculating [LLRs may be
utilized with systems and devices other than those illustrated
in FIGS. 1, 2A, 2B and 4.

Generally, the example multi-stream demodulation
method 600 may calculate LLRs for three symbols using, for
example, the following equations:

. (12)
Liby ) = — min (minlly—Hxllz]— min (minlly—Hxllz]
7l o e 2
1 (13)
Libyy) = — min (minlly - Hx||2] — min (min lly - Hx||2]
7l s el %
(14)
Libs,) ~ —| min (minlly—Hxllz]— min (minlly—Hxllz]
7o i ey %2

Accordingly, LILRs for the third symbol x;, for example, may
be calculated by calculating a minimum squared distance



US 9,094,063 B1

13

: 2
min ||y — Hxl|
X%

for every possible x;.

More specifically, referring to FIG. 6, when a receiving
device (such as the receiving device 400 illustrated in FIG. 4)
receives a data symbol vector y (block 610) including three
streams (where the streams may be received at substantially
the same time, via multiple spatial streams, for example), the
receiving device may determine the “suitable” vector

may be determined in a number of ways. In one implemen-
tation,

may be determined using the following equation:

N

where §=y-h,x;.

2 1s)

X1 2

- X1

¥ - [ hz][ }
X2

y-—H| x

= argmin‘
X152

= argmin
x1%0

X3

It should be noted that determining the suitable vector

is a two-dimensional hard-decision problem. Efficient hard
maximum-likelihood (ML) demodulation schemes, such as
sphere decoding, may be used to determine an “optimum”
suitable vector

that substantially minimizes the squared distance |ly—Hx|?
with a complexity lower than that of exhaustive ML, demodu-
lation. Suboptimal hard-decision schemes (e.g., zero-forcing,
minimum mean-squared error (MMSE) demodulation, etc.)
may also be used to determine a “near-optimum” suitable
vector
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N

but may provide a worse performance as compared to more
efficient hard ML demodulation schemes because the
selected near-optimum suitable vector

that minimizes the distance |ly-Hx|F. Nevertheless, such
hard-decision schemes may be optimal in particular cases,
e.g., when at least one of three channel vectors is independent
from the other two. The term “‘suitable vector,” as used herein,
will therefore encompass both an optimum suitable vector
and a near-optimum suitable vector.

With continued reference to FIG. 6, after determining the
suitable vector

e.g., that substantially minimizes the squared distance
|ly=Hx||* for a given x,, (block 620), the receiving device may
use the determined suitable vector

(block 630). The receiving device may then use this calcu-
lated squared distance to calculate LLRs for the third symbol
X5 (block 640), e.g., by plugging the calculated squared dis-
tance in equation (14).

The LLRs for the first and second symbols x,, x, may be
calculated in a similar fashion. For example, to calculate the
LLRs for the first symbol x,, the receiving device may deter-
mine the suitable vector
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e.g., that substantially minimizes the squared distance
|ly-Hx|? for a given x,, use the determined suitable vector

)
i3
to calculate the minimum squared distance

2

e 2 | X
min||§— Hxll* =|(§-[h hs]|
x.%3 %

for that suitable vector

)

where y=y-h,x,, and use this calculated squared distance to
calculate LLRs, e.g., by plugging the calculated squared dis-
tance in equation (12). Similarly, to calculate the LLRs for the
second symbol x,, the receiving device may determine the
suitable vector

e.g., that substantially minimizes the squared distance
|lv=Hx|P for a given x,, use the suitable vector

to calculate the minimum squared distance

2

e 2 | X1
min||§— Hxll* = |5~ [ A hs]|
x].%3 %

for that suitable vector

where y=y-h,x,, and use this calculated squared distance to
calculate LLRs, e.g., by plugging the calculated squared dis-
tance in equation (13).

The method 600 for calculating I.L.Rs described above in
reference to FIG. 6 is generally of higher efficiency and lower
complexity, as compared to the conventional methods, such
as the exhaustive maximum-likelihood techniques that may
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require M calculations of |ly—Hx||* for three streams x,. Gen-
erally, if symbols x,, X,, X, each represent W bits, and each
symbol has M=2" possible sequences, the method 600 for
calculating LLRs discussed above in reference to FIG. 6 may
resultin 3aM calculations of |ly-Hx||?, where o is the average
number of calculations of |ly—Hx]|* for the hard-decision tech-
nique employed in determining the suitable vector

(block 620). If a<M?/S, the method 600 described above for
calculating L.LRs may be ofhigher efficiency and lower com-
plexity, as compared to the conventional techniques, such as
exhaustive maximum-likelihood techniques. It should be
noted that if the zero-forcing technique and/or the MMSE
technique is employed as the hard-decision technique for
determining the suitable vector

a may be equal to 1.

Although the example methods 500 and 600 for calculating
LLRs discussed above in reference to FIGS. 5-6 have been
described as separate methods, these and other methods may
be used in combination. For example, in the case of three
streams, LLLR for bits in the second stream or in the third
stream may be calculated using the method 500 discussed in
reference to FIG. 5, whereas LLR for bits in the first stream
may be calculated using method 600 discussed in reference to
FIG. 6. Of course, other combinations are possible.

FIG. 7 is a flow diagram of an example multi-stream
demodulation method 700 for calculating [.LLRs for received
data. For ease of explanation, FIG. 7 will be described with
reference to FIGS. 1, 2A, 2B and 4. It will be understood,
however, that the method 700 for calculating [LLRs may be
utilized with systems and devices other than those illustrated
in FIGS. 1, 2A, 2B and 4.

Generally, an example multi-stream demodulation method
700 may be used to calculate LLRs for bits b, , of S symbols
X, by using the following, or a similar, equation:

. 2 (16)
i (X min_ ||y — Hx| ]—
1 | FKALeXs—1,XE€ X poXsg 5o oXS LK

Libe) ~
z

( min IIy—HxIIZ]
o

%0
XK 410 ¥s—1 K€ K X5 1o XS

where K<s<S, and )N(S,n(h) is a set of all possible data symbols
of the s-th stream with b, ,=b, where b is equal to either 1 or
0. Similarly to the example methods illustrated in FIGS. 5 and
6, the distance

: 2
min ||y — Hx||
X XK

for a given (Xg,;, . . . , Xg) may be calculated only for the
(Xy, . - ., Xg) that minimizes the squared distance
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min ||y - Hx|%
FTNRTS

More specifically, referring to FIG. 7, when a receiving
device (such as the receiving device 400 illustrated in FIG. 4)
receives a data symbol vector y (block 710) including S
symbols (where the symbols may be received at a substan-
tially the same time, via multiple streams, for example), the
receiving device may group the transmitted data symbols x.
(block 715), e.g., into one group (X, . . . , Xz) and another
group (Xg, i, - - - , Xg). The receiving device may then deter-
mine the suitable vector

10

15

N 20

e.g., that substantially minimizes the squared distance
|lv-Hx|P for a given x,,,, . . . , X (block 720). The suitable 5
vector

30

may be determined in a number of ways. In one implemen-

tation, »

40

may be determined using the following, or a similar, equation:
45

X (1n
T 50
X1 2 X1 2
argmin ||y — H| : = argmin (|5 - [k hy ... hg]| ¢
X1 Xps e XK s X1 X0 XK w
55
where

60

S
F=y= )

s=K+1
65
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In some embodiments, the suitable vector

may be determined using a K-dimensional hard-decision
technique. In particular, efficient hard ML, demodulation
schemes, such as sphere decoding, may be used to determine
the suitable vector

while yielding a complexity lower than that of exhaustive ML,
demodulation. While suboptimal hard-decision schemes
(e.g., zero-forcing, minimum mean-squared error (MMSE)

5 demodulation, etc.) may also be used to determine

they may result in suboptimal performance. Nevertheless,
such hard-decision schemes may be optimal in particular
cases.

With continued reference to FIG. 7, after determining the
suitable vector

e.g., that substantially minimizes the squared distance
|ly-Hx||* for a given x,, , . . . , X (block 720), the receiving
device may use the suitable vector

to calculate the squared distance

min 3= Hl = 5~ Thy by o ]

XL XD 5
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for that vector

(block squared distance 730). The receiving device may then
use this calculated squared distance to calculate LLRs for
Xzr1s - - - 5 Xg (block 740), e.g., by plugging the calculated
squared distance in equation (16).

The multi-stream demodulation techniques have been
described in terms of particular embodiments, but other
embodiments are possible. For example, the multi-stream
demodulation techniques have been described in reference to
a wireless communication model where y=Hx+z. However,
multi-stream demodulation techniques may be used with sys-
tems using other communication models. As one example, a
receiving device may use the described multi-stream
demodulation techniques in conjunction with any known
techniques of QR decomposition of matrix H. Such a receiv-
ing device could, could us the following model:

F=0*y=0*Hx+Q%=Rx+Z (18)

where * denotes a complex conjugate.

The model (18) has a similar form as the y=Hx+z model,
except that the matrix R is an upper triangular matrix. Q
matrix is a unitary matrix and the R matrix may be repre-
sented as

LA VRSV
0 rpl

This feature of the matrix R may further lower the complexity
of the multi-stream demodulation techniques described
above because the computations at the elements of zero in R
are not required. Similar to a QR decomposition technique,
other linear processing techniques may be applied to y.

At least some of the various blocks, operations, and tech-
niques described above may be implemented using hardware,
a processor executing firmware instructions, a processor
executing software instructions, or any combination thereof.
When implemented using a processor executing firmware or
software instructions, the software or firmware may be stored
in any computer readable memory such as on a magnetic disk,
an optical disk, or other storage medium, in a RAM or ROM
or flash memory, processor, hard disk drive, optical disk drive,
tape drive, etc. Likewise, the software or firmware may be
delivered to a user or a system via any known or desired
delivery method including, for example, on a computer read-
able disk or other transportable computer storage mechanism
or via communication media. Communication media typi-
cally embodies computer readable instructions, data struc-
tures, program modules or other data in a modulated data
signal such as a carrier wave or other transport mechanism.
The term “modulated data signal” means a signal that has one
or more of its characteristics set or changed in such a manner
as to encode information in the signal. By way of example,
and not limitation, communication media includes wired
media such as a wired network or direct-wired connection,
and wireless media such as acoustic, radio frequency, infrared
and other wireless media. Thus, the software or firmware may
be delivered to a user or a system via a communication chan-
nel such as a telephone line, a DSL line, a cable television
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line, a fiber optics line, a wireless communication channel,
the Internet, etc. (which are viewed as being the same as or
interchangeable with providing such software via a transport-
able storage medium). The software or firmware may include
machine readable instructions that are capable of causing one
or more processors to perform various acts.

Although the forgoing text sets forth a detailed description
of numerous different embodiments, it should be understood
that the scope of the patent is defined by the words of the
claims set forth at the end of this patent. The detailed descrip-
tion is to be construed as exemplary only and does not
describe every possible embodiment because describing
every possible embodiment would be impractical, if not
impossible. Numerous alternative embodiments could be
implemented, using either current technology or technology
developed after the filing date of'this disclosure, which would
still fall within the scope of the claims.

What is claimed is:

1. A method of decoding a signal transmitted via a multiple
input multiple output (MIMO) communication channel, the
method comprising:

receiving a data symbol vector having a plurality of data

symbols received via a plurality of spatial streams, the
received data symbol vector corresponding to a trans-
mitted data symbol vector having a plurality of transmit-
ted data symbols corresponding to the plurality of data
symbols;

estimating, using a hard-decision technique, one or more

respective values for one or more first transmitted data
symbols in a first set of one or more spatial streams ofthe
plurality of spatial streams; and

calculating, using a soft decision technique and based on

the estimated one or more respective values for the one
or more first transmitted data symbols, likelihood values
forbits corresponding to one or more second transmitted
data symbols in a second set of one or more spatial
streams of the plurality of spatial streams.

2. The method of claim 1, wherein estimating one or more
respective values for the one or more first transmitted data
symbols comprises determining a suitable bit sequence cor-
responding to the one or more first transmitted data symbols
for a given set of the one or more second transmitted data
symbols, and wherein calculating likelihood values for bits
corresponding to the one or more second transmitted data
symbols comprises calculating the likelihood values based at
least in part on the suitable bit sequence.

3. The method of claim 2, wherein the suitable bit sequence
substantially minimizes a distance value corresponding to a
squared distance between the received data symbol vector
and a channel matrix H multiplied with a vector including
data symbols corresponding to the one or more first transmit-
ted data symbols and the one or more second transmitted data
symbols.

4. The method of claim 3, further comprising calculating
the distance value corresponding to the suitable bit sequence,
and wherein calculating likelihood values for bits corre-
sponding to the one or more second transmitted data symbols
comprises calculating the likelihood values based at least in
part on the calculated distance value corresponding to the
suitable bit sequence.

5. The method of claim 4, wherein the one or more first
transmitted data symbols correspond to transmitted data sym-
bols (i, . . ., Xz) and the one or more second transmitted data
symbols correspond to transmitted data symbols (X, - . . ,
Xs), where K<s<S, and wherein determining the suitable bit
sequence
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comprises calculating:
i . x|
. argmin A
= y- H =
X1, X2, XK
ik Xs
. x|
argmin 5 .
V-[h h2 h ]
X15 X2, XK
XK
where

S
F=y- ) e

s=K+1

6. The method of claim 5, wherein calculating the distance
value corresponding to the suitable bit sequence

comprises calculating:

5 2
X1

min |5 - Hall* = [ - [ k2 .. h]
XX XK

XK

7. The method of claim 6, wherein calculating a likelihood
value L(b,,,) for n-th bit in a transmitted symbol s comprises
calculating:

min
3
XKL XS L XSEX g p Xy Lo XS

( min |ly- HXIIZ] -
| XpseeXK

L(bs ) = 0_—3
min

(0
TR AL AL XS EX s p At ] e XS

( min IIy—HXIIZ]
S

where )N(S,n(b Yis s aset of values for a given transmitted symbol
s where the n-th bit of the given transmitted symbol s is equal
to b, and wherein b is equal to either 1 or O.

8. The method of claim 1, wherein the one or more first
transmitted data symbols include a selected one of the plural-
ity of transmitted data symbols and the one or more second
transmitted data symbols include all but the selected one of
the plurality of transmitted data symbols.

9. A device for decoding a signal transmitted via a multiple
input multiple output (MIMO) communication channel, the
device comprising:

22

a multi-stream demodulator configured to
receive a data symbol vector having a plurality of data
symbols received via a plurality of spatial streams, the
received data symbol vector corresponding to a trans-
5 mitted data symbol vector having a plurality of trans-
mitted data symbols corresponding to the plurality of
data symbols,
estimate, using a hard-decision technique, one or more
respective values for one or more first transmitted data
symbols in a first set of one or more spatial streams of
the plurality of spatial streams, and
calculate, using a soft decision technique and based on
the estimated one or more respective values for the
one or more first transmitted data symbols, likelihood
values for bits corresponding to one or more second
transmitted data symbols in a second set of one or
more spatial streams of the plurality of spatial
streams; and
a decoder configured to decode at least some of the data
symbols in the received data symbol vector based at least
in part on the calculated likelihood values.
10. The device of claim 9, wherein the multi-stream
demodulator is configured to:
estimate the one or more respective values for the one or
more first transmitted data symbols at least by determin-
ing a suitable bit sequence corresponding to the one or
more first transmitted data symbols for a given set of the
one or more second transmitted data symbols, and

calculate the likelihood values for bits corresponding to the
one or more second transmitted data symbols based at
least in part on the suitable bit sequence.

11. The device of claim 10, wherein the suitable bit
sequence substantially minimizes a distance value corre-
sponding to a squared distance between the received data
symbol vector and a channel matrix H multiplied with a
vector including data symbols corresponding to the one or
more first transmitted data symbols and the one or more
second transmitted data symbols.

12. The device of claim 11, wherein the multi-stream
demodulator is further configured to:

calculate the distance value corresponding to the suitable

bit sequence, and

calculate the likelihood values for bits corresponding to the

one or more second transmitted data symbols based at
least in part on the calculated distance value correspond-
ing to the suitable bit sequence.

13. The device of claim 12, wherein the one or more first
transmitted data symbols correspond to transmitted data sym-
bols (X, . . ., Xg) and the one or more second transmitted data
symbols correspond to transmitted data symbols (X, - . . ,
Xs), where K<s<S, and wherein the multi-stream demodula-
tor is configured to determine the suitable bit sequence
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where

s
y:y—ZthS. 5

s=K+1

14. The device of claim 13, wherein the multi-stream
demodulator is configured to calculate the distance value
corresponding to the suitable bit sequence 10

15

at least by calculating:

20
X1

min |5 - Holl® =3 - (b B2 ... Bk]
o

X[XD e

=

K

15. The device of claim 14, wherein the multi-stream
demodulator is configured to calculate a likelihood value
L(b,,) for n-th bit in a transmitted symbol s at least by

calculating:
30

min min ||y - Hx||* |-
A1) X XK
1 | *K+1soXS—1 XS EXs po¥sa L 50X
of . . )
min min ||y — Hx||
+(0) XX
XKL XS 1S ER G Xy eniXs 1 K

Libsn) =

where )N(S,n(b) is s a set of values for a given transmitted symbol
s where the n-th bit of the given transmitted symbol s is equal
to b, and wherein b is equal to either 1 or O.

16. The device of claim 9, wherein the one or more first
transmitted data symbols include a selected one of the plural-
ity of transmitted data symbols and the one or more second
transmitted data symbols include all but the selected one of 45
the plurality of transmitted data symbols.

17. A device for decoding a signal transmitted via a mul-
tiple input multiple output (MIMO) communication channel,
the device comprising:

a multi-stream demodulator configured to

receive a data symbol vector comprising a plurality of
data symbols that are received via different spatial
streams, wherein the received data symbol vector cor-
responds to a transmitted data symbol vector compris-
ing a plurality of transmitted data symbols corre-
sponding to the plurality of data symbols,

estimate one or more respective values for transmitted
data symbols in a first group of one or more transmit-
ted data symbols using a hard-decision technique,
wherein the first group of one or more transmitted
data symbols is of the plurality of transmitted data
symbols, and

calculate, using a soft decision technique, likelihood
values for bits in a second group of one or more
transmitted data symbols based on the estimated one
or more respective values of the one or more trans-
mitted data symbols in the first group of one or more
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transmitted data symbols, wherein the second group
of one or more transmitted data symbols is of the
plurality of transmitted data symbols, and wherein the
first group of one or more transmitted data symbols
and the second group of one or more transmitted data
symbols do not include common transmitted data
symbols; and

a decoder configured to decode at least some of the data

symbols in the received data symbol vector based at least
in part on the calculated likelihood values.

18. The device of claim 17, wherein the multi-stream
demodulator is configured to:

estimate the one or more respective values for the one or

more transmitted data symbols in the first group of one
or more transmitted data symbols using the hard-deci-
sion technique at least by determining a suitable bit
sequence corresponding to the first group of one or more
transmitted data symbols for a given set of one or more
respective values of the second group of one or more
transmitted data symbols, and

calculate likelihood values for bits in the second group of

one or more transmitted data symbols based at least in
part on the suitable bit sequence.

19. The device of claim 18, wherein the suitable bit
sequence substantially minimizes a distance value corre-
sponding to a squared distance between the received data
symbol vector and a channel matrix H multiplied with a
vector including the first group of one or more transmitted
data symbols and the second group of one or more transmitted
data symbols.

20. The device of claim 19, wherein the multi-stream
demodulator is further configured to:

calculate the distance value corresponding to the suitable

bit sequence, and

calculate the likelihood values for bits in the second group

of one or more transmitted data symbols based at least in
part on the calculated distance value corresponding to
the suitable bit sequence.
21. The device of claim 20, wherein:
the first group of one or more transmitted data symbols
comprises one or more transmitted data symbols
(X;5 . . ., Xz) and the second group of one or more
transmitted data symbols comprises one or more trans-
mitted data symbols (Xg, 1, - . . , Xs), Where K<s=<S, and

the multi-stream demodulator is configured to determine
the suitable bit sequence

2 2

o hl

XK

argmin |[y— | s A

x| ¥, KK

where §=y— Z hsxs.
s=K+1
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22. The device of claim 21, wherein the multi-stream L(b,,) for n-th bit in a transmitted symbol s at least by
demodulator is configured to calculate the distance value calculating:

corresponding to the suitable bit sequence

5 min ( min ||y—Hx||2]—
X 1 XK+1v---vXS—l,XSE)_(g,l;lv"ﬁlv---v"S Koo XK
= L{bs ) = =3
. : min ( min IIy—HXIIZ]
XK XL 1S ER kg kg LK
10
at least by calculating: where X ,(”is s aset of values fora given transmitted symbol
s where the n-th bit of the given transmitted symbol s is equal
to b, and wherein b is equal to either 1 or O.
E s 24. The devipe of claim 17, wherein the first group of one
min F-HAP =50k k2 ... kel ¢ ||| . or more transmitted data symbols comprises a selected one of
XK

R the plurality of transmitted data symbols and the second
group of one or more transmitted data symbols comprises all
but the selected one of the plurality of transmitted data sym-

23. The device of claim 22, wherein the multi-stream bols.
demodulator is configured to calculate a likelihood value I T S



